R
ecognition of viral components, such as ds-and ss-RNA, by innate immune cells leads to rapid induction of type I IFNs, which are essential mediators of initial host defense against viruses (1) . The recognition of viral dsRNA is mediated by host pattern recognition receptors, including retinoic acid-inducible gene-I (RIG-I), 3 melanoma differentiation-associated gene-5 (MDA5), and TLR3 (2-4). RIG-I and MDA5 are cytoplasmic proteins comprised of caspase recruitment domains (CARDs) and a helicase domain. Whereas RIG-I is responsible for the recognition of various RNA viruses including paramyxoviruses, vesicular stomatitis virus (VSV), influenza virus, and Japanese encephalitis virus, MDA5 detects viruses belonging to picornavirus family such as encephalomyocarditis virus (EMCV) (5) . RIG-I and MDA5 detect dsRNAs via the helicase domain and initiate downstream signaling cascades via the CARDs by associating with a CARD-containing signaling protein, named IFN-␤ promoter stimulator-1 (also known as MAVS, VISA, or CARDIF) (6 -9) . TLR3, which localizes on the endosomal membrane, recruits a TIR-domaincontaining adaptor-inducing IFN-␤ (TRIF) to the receptor upon ligand stimulation (10) . In addition, LPS, a TLR4 ligand, is shown to induce type I IFNs via the TRIF-dependent signaling pathway.
Downstream of the IFN-␤ promoter stimulator-1 or TRIF, IB kinase-related kinases, called TANK-binding kinase 1 (TBK1) and inducible IB kinase (IKK-i), also known as IKK-, are activated in response to the stimuli (11, 12) . They can phosphorylate IFN-regulatory factor (IRF)-3 and IRF-7, which in turn translocate into the nucleus and induce the expression of type I IFN as well as IFN-inducible genes. It has been shown that TBK1 plays a critical role in the induction of IFN-␤ as well as IFN-inducible genes in mouse embryonic fibroblasts (13, 14) . However, TBK1-deficient bone marrow macrophages showed normal IFN responses against RNA virus infection, and it was unclear whether TBK1 and IKK-i play a pivotal role in the regulation of type I IFNs in innate immune cells (15) . Moreover, a recent study suggested that TBK1 and IKK-i can regulate different IFN-␣ genes, IFN-␣11 and IFN-␣4, respectively (16). Moreover, it was shown that plasmacytoid dendritic cells (pDCs) could produce IFN-␣ in response to TLR9 ligands independent of TBK1 via the direct association of MyD88 and IRF-7.
In this study, we investigated the role of TBK1 and IKK-i in innate immune cells by generating macrophages and DCs from fatal liver cells under TNF Ϫ/Ϫ background. Our results clearly demonstrate that both TBK1 and IKK-i are key players for the expression of type I IFNs and IFN-inducible genes in response to exposure to various RNA viruses in conventional DCs (cDCs), but not in pDCs.
Materials and Methods

Mice, cells, reagents, and viruses
TBK1
Ϫ/Ϫ , IKK-i Ϫ/Ϫ , and TNF-␣ Ϫ/Ϫ mice have been described previously. LPS was purchased from Sigma-Aldrich. Poly(I:C) was purchased from Amersham Biosciences. Newcastle disease virus (NDV), VSV, influenza virus lacking NS1 protein (⌬NS1), and EMCV have been described previously (5 
Quantitative real-time PCR (Q-PCR)
RNA was prepared from cDCs stimulated with 100 ng/ml LPS or infected with NDV, and cDNA was synthesized using Superscript II (Invitrogen Life Technologies). Q-PCR analysis was performed using the 7700 Sequence Detector (Applied Biosystems). The primers and probes for and IFN-␤, Cxcl10, Cxcl1, IFN-a2, -a4, -a5, and -a11 were purchased from Applied Biosystems. Primers for 18s rRNA were used as an internal control. To detect the expression of a gene encoding NDV nucleocapsid protein, the following primers and probes were used: forward primer TTCCGTATTCGACGAGTACGAA, reverse primer CAAGG GCAACATGGTTCCTC, and the TaqMan probe TCAGGCAAGGTGCTC.
Measurement of IFN-␤ and IFN-␣ production
Culture supernatants were collected and analyzed for production of IFN-␤ and IFN-␣ (PBL Biomedical Laboratories) by ELISA.
Native PAGE and Western blot analysis
cDCs (1 ϫ 10 6 ) were infected with NDV for the indicated periods, and then lysed. The cell lysates were separated on a native-PAGE, and then immunoblotted with anti-IRF-3 Ab as described previously (13) .
Microarray analysis
cDCs were exposed to NDV for 8 h. Then, total RNA was extracted with TRIzol (Invitrogen Life Technologies) and further purified with a RNeasy kit (Qiagen). Biotin-labeled cDNA was synthesized from 100 ng of total RNA using Ovation Biotin RNA Amplification and Labeling System (Nugen) according to the manufacturer's protocol. Hybridization, staining, washing, and scanning of Affymetrix mouse Genome 430 2.0 microarray chips were conducted according to the manufacturer's instruction. Data analysis was performed using MicroArray Suite software (Affymetrix) and ArrayAssist software (Stratagene).
Results and Discussion
Generation of cDCs lacking TBK1 and/or IKK-i
TBK1
Ϫ/Ϫ mice are embryonic lethal because of liver degeneration at e14.0 -15.0, and this phenotype has been shown to be rescued in the absence of TNF receptor signaling. TBK1 Ϫ/Ϫ
IKK-i
Ϫ/Ϫ mice are also embryonic lethal at around e12.0, and it was difficult to prepare fetal liver cells from them. To investigate the role of TBK1 and IKK-i in immune cells, we tried to generate mice lacking TBK1 and/or IKK-i under TNF Ϫ/Ϫ background. First, we could obtain adult mice lacking TNF and TBK1 (TNF Ϫ/Ϫ TBK1 Ϫ/Ϫ ) as reported previously. Nevertheless, TNF Ϫ/Ϫ TBK1 Ϫ/Ϫ IKK-i Ϫ/Ϫ mice were embryonic lethal at e14.0 and the mice were not born alive. Nevertheless, fetal liver cells could be prepared from TNF Ϫ/Ϫ TBK1 Ϫ/Ϫ IKK-i Ϫ/Ϫ e13.5 embryos, and the cells were cultured in the presence of GM-CSF. The surface expression of CD11c and CD11b was not altered in the GM-CSF-induced cells obtained from TBK1
embryos under TNF Ϫ/Ϫ background (data not shown), and we used the cells as cDCs for further investigation.
The expression of IFN-inducible genes in response to LPS and NDV in cDCs
We first examined the role of TBK1 and IKK-i in the expression of IFN-inducible genes in response to LPS and NDV in cDCs. cDCs derived from fetal livers were stimulated with 100 ng/ml LPS for the indicated periods, and the expression of mRNAs for Ifnb, Cxcl10 (IP-10), and Cxcl1 (KC) were quantified by Q-PCR. As shown in Fig. 1A , LPS-induced expression of IFN-␤ and IP-10 genes was not impaired in IKK-i Ϫ/Ϫ cDCs, and was severely impaired in either TBK1
Ϫ/Ϫ or TBK1 Ϫ/Ϫ IKK-i Ϫ/Ϫ cDCs in accordance with a previous report. In contrast, induction of Cxcl1 was not impaired even in the absence of both TBK1 and IKK-i. These results indicate that the TLR4-induced IFN-production predominantly depends on TBK1, whereas Cxcl1 is induced independent of TBK1 and IKK-i in cDCs. When the cells were exposed to NDV, the induction of Ifnb gene was not impaired in IKK-i Ϫ/Ϫ and was only partially impaired in TBK1 Ϫ/Ϫ cDCs (Fig. 1B) . Nevertheless, TBK1 Ϫ/Ϫ IKK-i Ϫ/Ϫ cDCs failed to induce Ifnb and Cxcl10, genes in response to NDV. The Cxcl1 gene was normally induced even in the absence of both TBK1 and IKK-i. The expression of the gene encoding NDV nucleoprotein was comparable between the cells examined, indicating the proper infection of NDV regardless of the absence of TBK1 and/or IKK-i (Fig. 1B  and data not shown) .
Therefore, we further used DNA microarrays for analyzing gene expression profile after NDV stimulation comprehensively. NDV stimulation resulted in the up-regulation of 455 genes in TBK1 ϩ/Ϫ IKK-i ϩ/Ϫ cDCs (Supplementary Table I) . 4 Hierarchical clustering revealed that NDV-inducible genes were divided into two clusters based on the dependence on TBK1 and IKK-i for their expression ( Fig. 2A) . Deficiency in IKK-i alone did not affect the induction of genes compared with control cDCs. Genes annotated as IFN-inducible appeared in the cluster containing genes that were not induced in the absence of TBK1 and IKK-i (cluster I). Nevertheless, a set of NDV-inducible genes were up-regulated even in TBK1 Ϫ/Ϫ IKK-i Ϫ/Ϫ cDCs (cluster II). These genes include 4 The online version of this article contains supplemental material.
FIGURE 1. Induction of IFN-inducible genes in cDCs lacking TBK1 and IKK-i in response to LPS and NDV. A, cDCs induced from
TBK1 ϩ/Ϫ IKK-i ϩ/Ϫ , TBK1 Ϫ/Ϫ IKK-i ϩ/Ϫ , TBK1 ϩ/Ϫ IKK-i Ϫ/Ϫ ,
and TBK1
Ϫ/Ϫ IKK-i Ϫ/Ϫ embryos under TNF Ϫ/Ϫ background were stimulated with 100 ng/ml LPS for 2 or 4 h. B, cDCs described in A were exposed to NDV for 4 h. Total RNA was extracted, and mRNA levels for IFN-␤ (Ifnb), IP-10 (Cxcl10), KC (Cxcl1), and NDV nucleoprotein were determined by Q-PCR.
Cxcl1, Nfkbiz, Socs3, Tnfsf9, all of which are known to be activated by the transcription factor, NF-B.
It has been suggested by in vitro studies that TBK1 and IKK-i regulate different subtypes of IFN-␣ genes. Therefore, we investigated the expression of various IFN-␣ genes in response to NDV infection. As shown in Fig. 2B , there was no difference in the induction of various IFN-␣ genes between TBK1 ϩ/Ϫ IKK-i ϩ/Ϫ and TBK1 ϩ/Ϫ IKK-i Ϫ/Ϫ cells. In contrast, TBK1 Ϫ/Ϫ IKK-i ϩ/Ϫ cells showed modest reduction in all IFN-␣ genes examined. Q-PCR analysis of IFN-a2, IFN-a5, and IFN-a11 genes further confirmed the result obtained by microarray analysis (Fig. 2C ). This result indicates that both IKK-i and TBK1 control expression of various IFN-␣ genes, and there seems to be no specific regulation of IFN-␣ subtypes by either IKK-i or TBK1 in cDCs. Genes regulated by NF-B are significantly up-regulated in response to NDV infection even in TBK1
Abrogated type I IFN production in TBK1 Ϫ/Ϫ IKK-i Ϫ/Ϫ cDCs in response to various RNA viruses
We have recently shown that RIG-I and MDA5 are responsible for the recognition of different viruses; RIG-I detects various RNA viruses including paramyxoviruses, VSV, and Japanese encephalitis virus, whereas MDA5 specifically detects picornaviruses such as EMCV. To examine whether both RIG-I and MDA5 signal through TBK1 and IKK-i, we infected cDCs with increasing multiplicity of infection (moi) of RNA viruses, including NDV, influenza virus, VSV, and EMCV, and measured type I IFN production. As shown in Fig. 3A, TBK1 ϩ/Ϫ IKK-i ϩ/Ϫ and TBK1 ϩ/Ϫ IKK-i
cDCs produced comparable amounts of IFN-␣ in response to various RNA viruses. In accordance with a previous report, infection of DCs with viruses induced production of IFN-␣ even in the absence of TBK1, although the production was significantly impaired (15) . However, cDCs lacking both TBK1 and IKK-i did not produce any detectable amounts of IFN-␤ or IFN-␣ in response to all viruses tested. Production of IFN-␤ in response to the viruses was similarly regulated by TBK1 and IKK-i (Fig. 3B) . Moreover, macrophages induced from fetal liver in the presence of M-CSF also produced type I IFNs in response to EMCV and VSV in a TBK1/ IKK-i-dependent manner (Fig. 3C) . These results indicate that TBK1 and IKK-i are essential for the IFN responses against viruses recognized by both RIG-I and MDA5.
TBK1 and IKK-i are critical for the activation of IRF-3 in cDCs in response to NDV
Next, we examined the activation of intracellular signaling pathways triggered in response to viral infection in cDCs. It has been shown that IRF-3 is phosphorylated, homodimerizes, and translocates into the nucleus in response to viral infection. Although NDV-induced dimerization of IRF-3 was induced in cDCs lacking either IKK-i or TBK1 as well as in control cells, the activation was abrogated in TBK1 Ϫ/Ϫ IKK-i Ϫ/Ϫ cells (Fig. 4A) . In contrast, degradation of IB-␣ as well as IB kinases in response to NDV infection was induced even in TBK1 Ϫ/Ϫ IKK-i Ϫ/Ϫ cDCs, indicating that TBK1 and IKK-i are not requisite for NF-B activation in accordance with previous reports (Fig. 4B ).
TBK1/IKK-i-independent IFN-␣ production in response to NDV in pDCs
Stimulation with TLR7 and TLR9 ligands recruits a complex composed of MyD88, IL-1R-associated kinase (IRAK)1, IRAK4, TRAF6, and IRF-7 to the receptor in pDCs. IRAK1 and IKK␣ have been implicated in the phosphorylation of IRF-7 in these cells. It has also been shown that recognition of RNA viruses has been shown to be mediated in a MyD88-dependent manner in pDCs. However, the contribution of TBK1 and IKK-i in the IFN response in pDCs is yet to be clarified. Therefore, we induced DCs (Fig. 5B ). In addition, NDVinduced IFN-␣ production was also induced even in the absence of both TBK1 and IKK-i (Fig. 5A ). TLR9-induced induction of IFNa2, IFN-a4, IFN-a5, and IFN-a6 genes was also not altered between cells from control and TBK1 Ϫ/Ϫ IKK-i Ϫ/Ϫ embryos (Fig.  5B) . Of note, the amounts of IFN-␣ produced in Flt3L-induced fetal liver cells were lower than those produced from Flt3L-cultured bone marrow cells, implying that cells induced from fetal liver in the presence of Flt3L are less potent in producing IFN-␣. Further studies are required to further confirm the role of TBK1 and IKK-i in pDCs in adult mice. Nevertheless, it is obvious that Flt3L-induced cells could produce IFN-␣ in a mechanism independent of TBK1 and IKK-i in response to a TLR9 ligand and to NDV exposure.
In this study, we examined the responses of type I IFNs to viral infection in innate immune cells including cDCs, pDCs, and macrophages. Although cDCs lacking either TBK1 or IKK-i showed normal IFN responses against RNA virus infection, absence of both TBK1 and IKK-i disrupted production of type I IFNs. It has been shown that cytoplasmic viral detectors, RIG-I and MDA5, are responsible for the recognition of RNA viruses in most cells. Our results shown in this study indicate that TBK1 and IKK-i are prerequisite for the signaling of RIG-I/MDA5-dependent IFN-induction in addition to their role in the TLR signaling. In contrast, LPS exclusively signals through TBK1, but not IKK-i. LPS-induced TBK1 activation results in the up-regulation of IFN-␤, but not IFN-␣, in cDCs and macrophages ( Fig. 3 and data not shown). TLR4 was shown to signal through TRIF as an adaptor to activate IFN responses. It was also shown that IFN responses induced by LPS, but not by viruses, were diminished in IRF-3 Ϫ/Ϫ mice (17). These observations suggest that TRIF-induced TBK1 activation leads to the activation of IRF-3-IFN-␤, but not the IRF-7-IFN-␣ pathway. However, RNA viruses, which activate cells via RIG-I/ MDA5-dependent signaling, induced IFN-␣ and -␤ production even in the absence of IKK-i, implying that TBK1 can phosphorylate IRF-7 when it is activated via RIG-I/MDA5 pathway. Further investigation will be required for disclosing the precise molecular mechanisms of TLR-or RIG-I/MDA5-dependent up-regulation of type I IFNs.
Recent in vitro studies suggested that IKK-i and TBK1 are differentially involved in the regulation of different IFN-␣ genes. For instance, it is shown that overexpression of IKK-i preferentially activated the IFN-␣4 gene compared with the IFN-␣11 gene (16) . However, our study demonstrates that IKK-i and TBK1 do not regulate different genes, but redundantly control optimal IFN responses in response to RNA viruses.
TLR9-induced IFN-␣ production was observed even in the absence of both TBK1 and IKK-i, further supporting our previous observation that the activation of IRF-7 is mediated by phosphorylation probably through IRAK1 in pDCs (18) . Therefore, deletion of both TBK1 and IKK-i clarified the cell type-specific involvement of these kinases in the regulation of type I IFNs and IFNinducible genes. These kinases are prerequisite for RIG-I/MDA5-and TRIF-dependent pathways in cDCs, but not for the MyD88-dependent pathway in pDCs. Targeting these kinases will lead to the selective modulation of type I IFN pathways in various cells without affecting pDCs.
